To study the diversity of mRNAs in murine spermatozoa and their potential function during zygotic development, total RNAs in murine spermatozoa were sequenced via RNA-Seq and analyzed through bioinformatics techniques. The delivery and translation of sperm-borne mRNA in fertilized oocyte were detected using RT-PCR (reverse transcription-polymerase chain reaction), Western blot, and immunofluorescence. A total of 35 288 825 reads matching 33 039 transcripts, including 27 310 coding transcripts, were obtained. Based on our analyses, we hypothesized that the transcripts with RPKM (reads per kilobase of exon model per million mapped reads) higher than six may exist in each sperm cell as consistently retained transcripts. There were 4885 consistent transcripts in each sperm, and the remainder were randomly retained. If the baseline RPKM increased, the remaining coding transcripts were more likely related to reproduction and development. The sperm-borne transcripts Wnt4 and Foxg1 were delivered into fertilized oocytes on fertilization. Furthermore, Wnt4 was translated into protein in zygotes, whereas Foxg1 was not translated. In conclusion, approximately 4885 mRNAs were present in each murine spermatozoon, and the spermatozoal mRNAs related to reproduction and development were more likely retained. The sperm-borne mRNA Wnt4 was delivered into the fertilized oocyte and translated, evidence of a paternal effect on zygotic development.
INTRODUCTION
As a highly specialized cell, the sperm cell is designed perfectly to achieve its only function, namely, to fertilize the oocyte. To adapt this function, after meiosis, round spermatids undergo dramatic changes in cell shape and organization of organelles, including the formation of the flagellum and acrosome in the apical area of the nucleus; meanwhile, many redundant organelles and most of the cytoplasm are discarded [1] . During the formation of elongated spermatids, histones are progressively replaced by protamine to pack genomic DNA, thereby producing a more condensed chromatin [2] . Along with the removal of cytoplasm and the replacement of histone with protamine, spermatids progressively switch off transcription and translation to silence all cellular process that are not relevant to fertilization [3] . In conservative perception, as a transcriptionally and translationally inert cell, the sperm cell delivered only the paternal haploid genome to the oocyte, which contributed the maternal haploid genome and all the other components required for early zygotic development, such as cytoplasm and organelles [4] . However, many different research groups have discovered spermatozoal RNA in mammals, including rat [5] , mouse [6] , and human [7] [8] [9] , by RT-PCR and in situ hybridization. Through improving sperm purification methods, such as the swim-up method and density gradient centrifugation, the contaminants, such as immature sperm and somatic cells in ejaculated sperm, can be completely removed. Thus, the existence of RNA in mature sperm was confirmed. The determination of the RNA profile in human ejaculated spermatozoa was initially attempted by Miller et al. [10] using cDNA cloning and the sequencing method and then by Lambard et al. [11] and Wang et al. [12] using select RT-PCR. The above strategies could detect only a small part of the potential transcripts in sperm due to the limitations of these techniques. In 2002, Ostermeier et al. [13] obtained a relatively intact human spermatozoa RNA profile through microarrays that described approximately 3000-7000 types of coding transcripts. The RNA profile in spermatozoa was also detected by other strategies, such as serial analysis of gene expression, which suggested that human spermatozoa contain approximately 2500 different transcripts [14] . As a newly developed technique, next-generation sequencing can provide a much more complete picture of transcript population in spermatozoa, including both known and unknown transcripts [15, 16] .
The overall function of RNAs in mature spermatozoa remains a mystery, and the individual function of some transcripts remains to be elucidated. Some of the RNAs reserved in sperm are thought to be residual spermatogenesisrelated transcripts that are not completely discarded or degraded during spermiogenesis and have no specific function. Meanwhile, some studies have shown that some transcripts in sperm will enter the oocyte during fertilization and regulate biological processes [17, 18] . In this work, to investigate the diversity and reservation mechanism of RNAs in murine spermatozoa, RNA-Seq was used to sequence spermatozoal RNAs. The delivery and translation of sperm-borne mRNAs into fertilized oocyte were also studied.
MATERIALS AND METHODS

Animals
Male and female C57BL/6J mice were purchased from a commercial supplier and maintained in a temperature-and humidity-controlled room with a 14L:10D photoperiod. Food and water were supplied sufficiently, and the birth time of each mouse was recorded. All of the animal operation protocols conformed to the ''Guideline for the Care and Use of Laboratory Animals'' established by the Chinese Council on Animal Care and were approved by the Shanghai Jiao Tong University Ethics Committee.
Preparation of Murine Spermatozoa, Oocytes, and Zygotes
After an adult male mouse (approximately 9-10 wk of age) was euthanized, the cauda of the epididymis was carefully isolated, and the spermatozoa were forced out after a nick was cut in the cauda epididymis. The isolated spermatozoa were suspended in human tube fluid (HTF; 5.9 g/L NaCl, 0.35 g/L KCl, 0.049 g/L MgSO 4 Á7H 2 O, 0.054 g/L KH 2 PO 4 , 0.57 g/L CaCl 2 , 2.1 g/L NaHCO 3 , 0.5 g/L glucose, 3.4 ml/L sodium lactate, 0.037 g/L sodium pyruvate, 0.075 g/L ampicillin, 0.05 g/L streptomycin, 4 g/L bovine serum albumin [BSA], 0.002 g/L phenol red) for subsequent treatments. A suitable female mouse (approximately 8-9 wk of age) was intraperitoneally injected with 100 ll of 100 U/ml pregnant mare serum gonadotropin (Sigma; catalog no. G4527) and with 100 ll of 100 U/ml human chorionic gonadotropin (HCG; Sigma; catalog no. CG5-1VL) approximately 48 h later. Eighteen hours after the HCG injection, the male mouse was euthanized, and the ampullar region was isolated to select oocytes under a dissecting microscope. The ampullar region of the HCG-injected female mouse that had been mated with adult male was isolated for selecting zygotes with male and female pronucleus 20 h after HCG injection. After being cultured in potassium simplex optimized medium; (Millipore; catalog no. MR020P-D) for an additional 12 h, the pronucleus zygotes developed to be two-cell zygotes, which could be selected under a dissecting microscope.
Spermatozoa Purification and RNA Extraction
The spermatozoa suspended in HTF were purified through the swim-up method in Earles balanced salt solution (6.68 g/L NaCl, 0.4 g/L KCl, 0.2 g/L MgSO 4 Á7H 2 O, 0.14 g/L KH 2 PO 4 , 0.2 g/L CaCl 2 , 2.2 g/L NaHCO 3 , 0.01 g/L phenol red) containing 10% fetal bovine serum and then washed with hypotonic solution containing 0.5% Triton X-100 and 0.1% SDS to lyse the remaining somatic cells and immature sperm, which was demonstrated to be available and have no effect on sperm RNA [13, 19] . The samples for RNA extraction were ultimately suspended in TRIzol reagent (Invitrogen; catalog no. 15596-026), and the total RNAs were extracted following the manufacturer's instructions (http://tools.lifetechnologies.com/content/sfs/manuals/9738M_D. pdf), including DNase treatment, and subjected to RNA-Seq or reverse transcription using a reverse transcriptase kit (Fermentas; catalog no. EP0441).
RNA Sequencing and Mapping of Reads
The purity and quality of the RNA extracted from the purified mouse sperm were determined through the measurement of OD280 and OD260 before RNASeq. Approximately 20 lg RNA were submitted for sequencing. After reverse transcription with random primers, the sample was segmented and added with the adapters, then the library was constructed using TruSeqTM DNA Sample Prep Kit-Set A (Illumina) according to the Illumina RNA-Seq protocols. The sperm sample was sequenced using an Illumina GAIIx Genome Analyzer with 100 cycles and paired-end sequencing. The ''OLB'' and ''CASAVA'' software programs allowed the retrieval of the original fastq sequence data. Using the fastx package, the clean reads were obtained from raw data by filtering out adapter-only reads, reads containing more than 5% unknown nucleotides, and low-quality reads. ''TOPHAT'' was used after the reads and junction reads were mapped to the reference sequence. The gene expression data estimated from the RPKM values were obtained using ''Cuffinks.'' All the data analyses of the sequenced segments were according to the generally used methods published on Nature Methods [20] .
SDS-PAGE and Western Blot Analysis
The samples for protein extraction were lysed in strong radio-immunoprecipitation assay lysis buffer (50 mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) with protease inhibitor cocktail (Roche; catalog no. 4693116001) and 50 lg/ml PMSF (Sigma, Cat. No. P7626), incubated on ice for 30 min, and centrifuged at 10 000 3 g and 48C for 5 min. The supernatant was transferred to a new tube and mixed with an equal volume of 23 SDS loading buffer containing 200 mM dithiothreitol (Sigma; catalog no. 43816-10ML), and the mixture was boiled for 5 min. The samples were used immediately or stored at À708C. The protein samples for analysis were resolved in 1.5-mm-thick polyacrylamide gel (10%) along with prestained protein marker (Fermentas; catalog no. 26616). The resolved polypeptides were electrophoretically transferred to a 0.45-lm polyvinylidene fluoride membrane (Millipore; catalog no. IPVH0010) using the semiwet transfer method and then blocked for 1 h in Tris-buffered saline (TBS; 20 mmol/L Tris base, 137 mmol/L NaCl, pH 7.6, with 0.1% Tween-20) containing 5% skim milk powder at room temperature. The membrane was incubated with primary antibodies (WNT4; Abgent; catalog no. AP6683c; 1:1500 dilution; and FOXG1; Abgent; catalog no. AP6683c; 1:1000 dilution) for 1 h at room temperature or overnight at 48C and then washed three times in TBS for 10 min. The membrane was incubated with HRP-conjugated goat anti-mouse/rabbit secondary antibody (Santa Cruz; catalog no. sc-2004; 1:20 000 dilution) for 1 h at room temperature and then washed three times in TBS for 10 min. The specific signal was revealed using the ECL kit (Millipore; catalog no. WBKLS0500) according to the manufacturer's instructions.
Immunofluorescence
The oocyte and zygote isolated from the ampullar region were fixed in 2% paraformaldehyde dissolved in PBS for 20 min at room temperature, treated with 0.2% Triton X-100 dissolved in PBS, and blocked with 3% BSA (Solarbio; catalog no. A8010) dissolved in PBS. Primary antibodies (WNT4; 1:75 dilution; and FOXG1; 1:100 dilution) and fluorescein isothiocyanateconjugated goat anti-rabbit/mouse secondary antibody (Santa Cruz; catalog no. sc-2012, 1:100 dilution) were used for immunofluorescence to detect certain proteins. After incubation in primary or secondary antibodies, the oocyte and zygote were washed five times in PBS for 5 min. The nucleus were stained with 40,6-diamidino-2-phenylindol (Beyotime; catalog no. C1002), and the images were captured with a fluorescence microscope (Leica model DM2500).
Bioinformatics Analysis
The mRNA location on the chromosome was obtained via MGI (http:// www.informatics.jax.org). Blast2GO (version 2.6.6), a comprehensive bioinformatics tool for the functional annotation and otology analysis of gene or protein sequences using local or remote BLAST searches, was used to analyze the gene ontology, and Genomatix (http://www.genomatix.com) was used for the functional analyses. The gene pathway analyses were conducted using Panther (http://www.pantherdb.org) and KEGG (http://www.genome.jp/kegg). Web Gestalt (http://bioinfo.vanderbilt.edu/gotm) was employed to analyze the phenotype of the mRNAs. The online database Spermatogenesis (http://mcg. ustc.edu.cn/sdap1/spermgenes/index.php) was employed to retrieve the genes/ proteins involved in spermatogenesis. The false discovery rate used was 0.05.
Statistical Analysis
Data were expressed as means 6 SEM. Differences between experimental groups were assessed by Student t-test (two-tailed distribution with a twosample different variances).
RESULTS
Library Characteristics
In total, 200 male mice were euthanized to derive sufficient amounts of sperm for sperm purification and RNA extraction, and the sperm from multiple mice were pooled for analyses. Before RNA-Seq, the OD260/OD280 of the sample was measured to be 1.94, indicating that the quality and purity of the RNA met the demands for RNA-Seq. Although the swimup method and the hypotonic solution treatment were carried out to purify sperm, to confirm that all of the contaminants were removed, RT-PCR was used to check the markers of blood cells, germ cells, and reproductive system tissue fragments (Cd45, c-Kit, and E-cadherin, primers for RT-PCR; see Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org), and the results FANG ET AL. showed that all of the contaminants were eliminated (see Supplemental Figure S1 ). Corresponding with the RT-PCR results, these three transcripts were not present in the RNA-Seq results. The total number of reads sequenced was 35 288 825 with 98.45% clean reads, and the average length was 100 base pairs. A total of 33 039 different transcripts, including 27 310 coding transcripts, 3243 miscRNAs, and 2351 noncoding RNAs, were obtained from the sequenced reads located on the reference genes (see Supplemental Figure S2 ). In this study, we analyzed mainly the coding transcripts. To verify the reliability of the RNA-Seq data, three transcripts were randomly selected to carry out real-time PCR (primers for real-time PCR; see Supplemental Table S1 ), and the results of real-time PCR and RNA-Seq generally exhibited no significant differences (see Supplemental Figure S3 ).
Estimation of the Consistently Retained Transcripts in Sperm
On average, the number ascribed to a transcript in a single sperm cell can be separated into two parts: less than one and more than one. The former represents the population of transcripts that are randomly retained in sperm, and the latter represents the population of transcripts that are consistently retained in sperm. The number and content of these two types of transcripts were estimated based on two events: the number of total transcripts in a sperm cell must be counted, and the RPKM value represents the abundance of a transcript regardless of its length [20] . It has been reported that a single murine sperm cell contains approximately 0.1 pg of RNA [5, 21] , and the weighted average length of RNA in the RNA-Seq results can be calculated as follows:
RPKM i and length i represent the RPKM value and the length of RNA i, respectively. The final calculated average length of the transcripts in sperm was 2081 nt. Because the average molecular weight of RNA is 340 Da, the number of total RNAs in a single sperm cell can be calculated as follows:
where N is Avogadro's constant.
To ensure that at least one RNA exists in a sperm cell, the RPKM of a transcript should meet the following condition:
Supposing that a i is the RPKM of RNA i and P i is the ratio of RNA i to the total number of reads, then
Supposing that b i is the actual number of RNA i in a sperm cell and Q i is the ratio of RNA i to the total RNA population in a sperm cell, then
To ensure that RNA i exists in every sperm cell, b i should be more than 1, and P i should approximately equals Q i . Thus,
In general, the above calculations indicate that a transcript with RPKM ! 6 will most likely exist in every sperm cell, and 5826 transcripts, including 4885 coding transcripts, met this condition. The estimated types of mRNAs in sperm corresponded with Ostermeier's prediction [13] . The amounts of transcripts with RPKM ! 6, 60, 600, and 6000 are summarized in Table 1 .
The Characteristics of Extensively Existing RNAs in Sperm
The location of the 4885 coding transcripts on the chromosome showed that chromosome 2 contributed most of the transcripts, followed by chromosomes 11 and 17, whereas chromosome Y contributed the least number of transcripts, followed by chromosome 18 (see Supplemental Figure S4 ). The location of the coded proteins of the mRNAs in the cell inferred through ontological analysis using Web Gestalt indicated that these were distributed primarily in the cytomembrane, cytoplasm, and nucleus, whereas only 110 were secreted into the extracellular space (see Supplemental Figure  S5 ). The gene ontology analysis using Blast2GO showed that 44%, 33%, and 23% of mRNA encoding proteins were involved in the biological process, cellular component, and molecular function, respectively. Of the biological processes found, metabolic process (20.0%), biological regulation (16.5%), and response to stimulus (11.1%) dominated. The main cellular components obtained were the membrane (18.6%), nucleus (17.4%), and macromolecular complex (13.5%). The molecular function of the coded proteins included principally protein binding (25.7%), ion binding (20.4%), and nucleic acid binding (11.1%; Fig. 1A ). The pathway analysis using Panther showed that the four most important pathways were the gonadotropin-releasing hormone receptor pathway (54), the Wnt signaling pathway (52), the inflammation mediated by chemokine and cytokine signaling pathway (52) , and the integrin signaling pathway (48; Fig. 1B) . The phenotype analysis of the coded proteins showed that they were associated primarily with mortality/aging (709, P ¼ 1.27e-19), the cellular phenotype (545, P ¼ 7.29e-13), the reproductive system phenotype (284, P ¼ 2.80e-05), and the embryogenesis phenotype (262, P ¼ 5.16e-05; see Supplemental Figure S6 ). The online database Spermatogenesis, employed to retrieve the genes/proteins involved in spermatogenesis, showed that of 142 coding transcripts with RPKM, more than six were expressed in spermatids during postmeiosis, 136 were expressed during meiosis, and 65 were expressed during premeiosis. A) The gene ontology analysis showed that 44%, 33%, and 23% mRNAs encoding proteins were involved in biological processes, cellular components, and molecular functions, respectively. Of the biological processes found, metabolic process, biological regulation, and response to stimulus dominated. The main cellular components obtained were the membrane, nucleus, and macromolecular complex. The molecular function of the coded proteins included mainly protein binding, ion binding, and nucleic acid binding. B) The pathway analysis using Panther showed that the four most important pathways were gonadotropin-releasing hormone receptor pathway (54), Wnt signaling pathway (52) , inflammation mediated by chemokine and cytokine signaling pathway (52) , and integrin signaling pathway (48) .
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Of the 4885 unique coding transcripts, 635 displayed RPKM ! 60 and were thus considered to be highly abundant transcripts. The analysis of these transcripts via ontology analysis showed that 239 were linked to the testes (P ¼ 2.34e-03); 36 were related to the germ cell (P ¼ 4.83e-04), including 18 associated with spermatocyte (P ¼ 3.04e-03); and 22 were associated with spermatids (P ¼ 5.75e-04). Meanwhile, 39 were linked to spermatozoa (P ¼ 1.24e-06), including five associated with sperm head (P ¼ 2.07e-03) and seven associated with sperm flagella (P ¼ 4.27e-03); 18 were related to epididymis (P ¼ 1.31e-04). It was notable that 55 were related to male infertility (P ¼ 1.24e-03).
Through filtering the Blast2GO results of coding transcripts with RPKM ! 60 to get the transcripts involved in reproduction and development, 114 transcripts were found to be involved in reproduction (score ¼ 18.5), including multicellular organismal reproductive process (49 genes, score ¼ 12.67), gamete generation (40 genes, score ¼ 12.7), fertilization (eight genes, score ¼ 5.05), and development of primary sexual characteristics (10 genes, score ¼ 4.5). In addition, 160 were related to development (score ¼ 82.13); 33 of these were linked to embryo development (score ¼ 15.64), including embryonic morphogenesis (19 genes, score ¼ 9.03), embryo development ending in birth or egg hatching (19 genes, score ¼ 7.48), and embryonic organ development (14 genes, score ¼ 7.37; Fig. 2A ).
Relationship Between RPKM Baseline and Reproduction and Development Ratios
The Blast2GO analysis showed that the ratios of metabolic processes, developmental processes, and reproduction in biological processes altered with an increase in the RPKM baseline (6, 60, and 600, respectively). The ratios of the genes involved in developmental processes and reproduction increased, whereas the ratio of genes involved in metabolic processes slightly decreased with the increase of RPKM baseline (Fig. 2B) .
The phenotype analysis of the mRNAs with RPKM ! 6 revealed that they were associated mainly with mortality/aging and cellular phenotype but not the reproductive system phenotype (described above). An increase in the baseline of RPKM to 60 revealed that the transcripts showed significant bias on abnormal reproductive system morphology (36/635, P ¼ 3.00e-04), abnormal male reproductive system physiology (27/635, P ¼ 9.00e-04), and infertility (25/635, P ¼ 9.00e-04),
FIG. 2. Bioinformatics analyses of the abundant sperm coding transcripts (RPKM ! 60).
A) Using Blast2GO analysis, 114 transcripts were found to be involved in reproduction (score ¼ 18.5), including multicellular organismal reproductive process (49 genes, score ¼ 12.67), gamete generation (40 genes, score ¼ 12.7), fertilization (eight genes, score ¼ 5.05), and development of primary sexual characteristics (10 genes, score ¼ 4.5). In addition, 160 were related to development (score ¼ 82.13); in particular, 33 were linked to embryo development (score ¼ 15.64), including embryonic morphogenesis (19 genes, score ¼ 9.03); embryo development ending in birth or egg hatching (19 genes, score ¼ 7.48); and embryonic organ development (14 genes, score ¼ 7.37). B) Through Blast2GO analysis, the ratios of the genes involved in developmental processes and reproduction increased, whereas the ratio of genes involved in metabolic processes slightly decreased with the increase of RPKM baseline. C) Through phenotype analysis, when the baseline of RPKM was raised to 60 and 600, the transcripts showed significant bias on abnormal reproductive system morphology, abnormal male reproductive system physiology, and infertility, which belong to the reproductive system phenotype.
SPERM-DELIVERED
when the baseline of RPKM was increased to 600 (Fig. 2C) . The details of the 10 most significant phenotypes obtained for RPKM baselines of 6, 60, and 600, are summarized in Table 2 , showing that when RPKM baseline increased to 60 or 600, most of the significant phenotypes were related to fertilization and production.
Coding Transcripts Delivered into the Zygote
To determine whether some of the retained mRNAs in sperm will enter the oocyte and function during early zygotic and/or embryonic development [18] , we screened the coding transcripts with relatively high level expression (RPKM ! 30) and found that 42 transcripts were involved in zygotic and/or embryonic development. Spanning intron PCR primers were designed to detect them using RT-PCR; in addition, some transcripts were detected using nested RT-PCR (primers for RT-PCR; see Supplemental Table S2 ), whereas the results of Stk36 were separately shown because five pairs of primers were attempted before it was amplified, and the positive primers were named Stk36-2. The sperm and oocytes cDNA were used as a template to detect those transcripts, and 11 of the 42 transcripts were shown to be expressed in sperm and not in oocytes (Fig. 3A) . The function of these 11 transcripts in zygotic and/or embryonic development were described in Supplemental Table S3 . These 11 transcripts were further detected in the one-cell zygote with unfused male and female pronucleus and the two-cell-stage zygote. The experimental results showed that only the Wnt4 and Foxg1 transcripts were present in the pronucleus-stage zygote and that Wnt4 was not found in the two-cell-stage zygote (Fig. 3B) .
Translation of Sperm-Delivered Coding Transcripts in Zygote
Western blot and immunofluorescence analyses were used to determine whether the delivered sperm mRNAs are translated in the zygote. The protein extracted from sperm, oocyte, and zygote were detected by Western blot, showing that WNT4 was present in both one-cell and two-cell zygotes, whereas FOXG1 was not detected in either stage (Fig. 3C) . The expression of WNT4 in testes was detected using immunofluorescence, which showed that WNT4 existed only in Leydig cells and not in germ cells and spermatids (Fig. 3D ). Oocyte and zygotes in the two stages were further analyzed by immunofluorescence, showing that WNT4 was present in the one-cell zygote with the male and female pronucleus not fused, a dividing zygote, and a divided zygote with two nucleus, whereas FOXG1 was not detected in both oocyte and zygotes (Fig. 4) , corresponding with the Western blot results.
DISCUSSION
Extensive-Existing Coding Transcripts in Murine Spermatozoa
Compared with conventional strategies, RNA-Seq can provide a much more intact picture of the transcripts in sperm, allowing for the identification, quantification, and characterization of both known and unknown RNAs, including coding RNAs and noncoding RNAs [22] . RNA-Seq has been used to survey the selective retention of transcripts in human sperm [16] . In human mature sperm, approximately 22 302 unique transcripts were surveyed, including transcripts linked to the testes, spermatids, spermatogenesis, and infertility [15] . In our Coiled sperm flagellum (2, P ¼
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RNA-Seq results of pooled mouse sperm collected from 200 adult mice, more than 33 000 different transcripts, including 27 310 coding transcripts, were obtained, a number that is far beyond our original prediction. Considering the sensitivity and depth of RNA-Seq, some extremely low abundance transcripts could be sequenced [23] . To confirm the sequencing accuracy, sperm were purified strictly to eliminate contaminant cells, and all the sequencing processes were under strict quality control.
The results of the real-time PCR used to verify the RNA-Seq data indicated that they generally corresponded with each other. In addition, we did another RNA-Seq of mouse sperm treated with a certain chemical, and the result was consistent with that of the normal sperm except for some transcripts (unpublished results). As a result, the RNA-Seq data were reliable. According to the RNA-Seq results of human spermatozoa, more than 80% of the RNAs were fragmented ribosomal RNAs [15] . However, our RNA-Seq results and a previous report [24] showed that murine spermatozoa contained abundant transcripts with few or even no rRNA background. We divided these transcripts into two groups: randomly remnant transcripts and persistent transcripts. In a simplified mathematical model, the average numbers of these two types of transcripts in a single sperm cell are less than one and more than one. Based on two estimated results, namely, that a single sperm cell contains approximately 84 310 mRNAs (previously mentioned methods) and that RPKM indicates the abundance of a transcript without the effect of its length [20] , we hypothesized that a transcript with RPKM ! 6 is a persistent transcript in sperm. In our RNA-Seq results, the number of transcripts with RPKM ! 6 was 5826, including 4885 coding transcripts, which corresponded with Ostermeier's [13] estimation. Although 4885 coding transcripts were estimated to exist in each sperm cell, it should be noticed that 4885 was an average number. Thus, the transcript with RPKM slightly more than six was possibly not retained in each sperm cell. The number of   FIG. 3 . Detection of the sperm-delivered mRNA into oocyte during fertilization and the translation of Wnt4 in the zygote. A) RT-PCR analysis of the 42 coding transcripts involved in zygotic and/or embryonic development showed that only 11 transcripts (labeled with *) were expressed in spermatozoa and not in oocytes. B) Delivery of sperm-borne Wnt4 and Foxg1 into the fertilized oocyte. RT-PCR analysis showed that only the Wnt4 and Foxg1 transcripts were present in the pronucleus-stage zygote and that Wnt4 was not found in the two-cell-stage zygote. C) Western blot results showed that WNT4 protein was present in one-cell and two-cell zygotes, whereas FOXG1 was not detected in sperm, oocytes, and zygotes. The mouse brain, in which both WNT4 and FOXG1 are expressed, was used as a positive control. D) Immunofluorescence analysis of WNT4 in testes showed that WNT4 existed only in Leydig cells and not in germ cells and spermatids. The WNT4 was stained with green, and the nuclei were stained with blue. Bar ¼ 50 lm.
SPERM-DELIVERED Wnt4 mRNA TRANSLATED IN ZYGOTE transcripts with RPKM six to eight was 1216, and the number of transcripts with RPKM 6-10 was 1923, which is a greater number of transcripts than found with RPKM of slightly more than six. Thus, the number of actually stable mRNA in a single sperm was surely less than 4885.
Our analyses focused mainly on the coding transcripts. Through gene ontology and phenotype analyses of the coding transcripts, we found that some of the transcripts were involved in reproduction and development, but these showed no significant bias compared with other biological processes. Through pathway analysis, 54 mRNAs were linked to the gonadotropin-releasing hormone receptor pathway, which plays a critical role in fertility [25] , and 52 mRNAs were linked to the Wnt signaling pathway, which is related to the differentiation of Sertoli cells and spermatogonial stem/ progenitor cells [26, 27] . The pathway analysis results indicated that these transcripts may encode proteins that play an important role in spermatogenesis and reproduction.
Because the transcripts with RPKM , 6 most likely did not exist in every spermatozoon, these were assumed to be randomly residual transcripts that did not function in postspermatogenesis. Among the transcripts with RPKM ! 6, we hypothesized that most of them were also residual of spermatogenesis-function transcripts. Those two types of spermatozoal transcripts may simply be remnants of prior functional transcripts involved in spermatogenesis and sperm maturation [28, 29] .
It was noteworthy that 142 of the transcripts with RPKM ! 6 were expressed in spermatids during postmeiosis according to the results of Spermatogenesis online. In the last phase of spermatogenesis, both the nucleus and the cytoplasm of spermatids are condensed to form elongated spermatids [30] . During this process, the transcription in spermatids is shut down, and almost all of the cytoplasm is discarded; meanwhile, the spermatids undergo morphological transformations, which still require the participation of many proteins [31] . These two processes are paradoxical in time; thus, some transcripts are transcribed long before translation and wait in the cytoplasm to be translated [32] . In our opinion, the 142 transcripts involved in postmeiosis remained in the spermatozoa due to the limited time for discarding or degrading those transcripts. Of these transcripts, some showed a higher RPKM value compared with others. For example, Prm1 (RPKM ¼ 273) and Prm2 (RPKM ¼ 1667), which code for protamine-1 and protamine-2, respectively, are specifically expressed before and during the DNA condensation phase in spermatids. The condensation phase is first characterized by abundant protamine expression and later results in the transition of DNA chromatin with protamine to FIG. 4 . Immunofluorescence analysis of oocyte and zygote to detect WNT4 and FOXG1. Corresponding with Western blot results, immunofluorescence results showed that WNT4 was present in the one-cell zygote with the male and female pronucleus not fused, a dividing zygote, and a divided zygote with two nuclei, whereas FOXG1 was not detected in both oocytes and zygotes. The WNT4 and FOXG1 were stained with green, and the nuclei were stained with blue. Bar ¼ 50 lm.
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replace histone [31] . Another example is Tnp1 (RPKM ¼ 56) and Tnp2 (RPKM ¼ 4365), encoding transition nuclear protein-1 and -2, which are arginine-and lysine-rich basic proteins, respectively, that strongly bind to DNA and are expressed exclusively in postmeiotic spermatids. In mouse, Tnp2 transcript is first detected in step 7 round spermatids and then degraded at steps 13 and 14 [33] . TNP1 and TNP2 play an important role in the spermatid chromatin condensation process through their phosphorylation by sperm-specific protein kinase A [34] . Similarly, the transcripts Fank1 (RPKM ¼ 2027) [35] , Spem1 (RPKM ¼ 75) [36] , and Klhl10 (RPKM ¼ 130) [37] are also involved in spermiogenesis, such as in the processes of chromatin condensation and cytoplasm removal. Meanwhile, the works of Kobayashi et al. [38] showed that the gene expression level in mouse sperm was negatively correlated to the promoter methylation but positively correlated to the genebody methylation in the genome [38] . As a consequence, the expression level of gene was also related to the methylation level in the genome.
Another group of highly retained transcripts is related to mitochondria, which are among the few organelles retained in mature spermatozoa. In total, 464 transcripts with RPKM ! 6 are related to the mitochondria. Of these, some transcripts showed an extremely high expression level, such as Mrpl27 (RPKM ¼ 2500), Cox7b (RPKM ¼ 2496), and Lars2 (RPKM ¼ 2324). Although there is still debate on whether sperm mitochondria can translate nucleus-transcribing mRNA into protein via mitochondrial ribosomes, it has been reported that some coding transcripts are translated in mature spermatozoa after capacitation by mitochondrial ribosomes [39, 40] .
The subset of transcripts that interested us most were those related to zygotic and/or embryonic development. It has been reported that the sperm-borne mRNA Akap4, which encodes for AKAP4, a protein involved in signaling cascades that are likely relevant in initial oocyte activation after fertilization, entered the fertilized oocyte [41] . In 2004, Ostermeier et al. [17] found that some human spermatozoal transcripts coding for proteins involved in fertilization, stress response, embryogenesis, morphogenesis, and implantation were delivered into the fertilized oocyte. In our RNA-Seq results, there were also many transcripts linked to development; in particular, 42 transcripts with a relatively high expression level (RPKM ! 30) were involved in zygotic and/or embryonic development, and these included some of the transcripts reported by Ostermeier et al., such as Foxg1 and Clusterin, though the results of mouse were not the same as with human. We thus performed some in-depth studies of these transcripts to determine whether they entered the fertilized oocyte and were further translated; these studies are described in detail below.
Abundant Coding Transcripts in Spermatozoa
A total of 635 coding transcripts with RPKM ! 60 were considered to be representative of the set of highly abundant transcripts. Of these highly abundant transcripts, 257 were located in reproductive tissues (testes and epididymis) and cells (spermatocyte, spermatids, and spermatozoa), indicating that these mRNAs encoded proteins with critical functions in spermatogenesis and sperm maturation, including the previously described processes of spermatid chromosome packing and cytoplasm discarding. It was notable that 55 were related to male infertility, which indicated that these transcripts played a critical role in male function and suggested that these might provide a resource of markers for the diagnosis of male infertility [42] . The gene ontology analysis showed that more than one in six transcripts were related to reproduction, including multicellular organismal reproductive process, gamete generation, fertilization, and the development of primary sexual characteristics, indicating that these transcripts might encode proteins that function in spermatogenesis.
More than one in four transcripts were related to development; in particular, 33 were linked to embryonic development, including embryonic morphogenesis; embryo development ending in birth or egg hatching; and embryonic organ development, hinting that these transcripts may encode proteins that function in zygotic and/or embryonic development [43] . The increase in the ratio of development and reproduction in the gene ontology and phenotype analyses with an increase in the RPKM baseline (6, 60, and 600) indicated that the transcripts related to development and reproduction were more likely to be retained in sperm. Furthermore, it could be speculated that the transcripts in sperm are selectively rather than randomly reserved.
Delivery and Translation of Sperm-Borne mRNAs in the Fertilized Oocyte
To study the biological function of coding transcripts in zygotic development, the transcripts (RPKM ! 30) that may participate in zygotic and/or embryonic development were screened. In total, 11 of these were found to exist in sperm but not in oocyte. Furthermore, these 11 transcripts were tested in one-and two-cell zygotes, showing that only two coding transcripts were present in the one-cell zygote: Wnt4 and Foxg1. Because the transcription of zygote was shut down until it reached the two-cell stage [44, 45] and due to the absence of Wnt4 and Foxg1 in the oocyte, those two coding transcripts were confirmed to be delivered by sperm. The sperm-delivered Wnt4 was detected in the one-cell zygote but not in the two-cell zygote, whereas the coded WNT4 protein was found in both one-and two-cell zygotes. Because both the spermatids in testes and mature spermatozoa do not contain WNT4 protein (see Fig. 3, C and D) , it was confirmed that the WNT4 protein in the fertilized oocyte was not delivered by sperm. Summarizing the previously described results, it could be speculated that the spermatozoal Wnt4 mRNA was sent into the oocyte, where it was immediately translated and degraded, and that the coded protein existed until at least the two-cell-zygote stage. Nevertheless, the sperm-delivered Foxg1 transcript was not translated in the fertilized oocyte but existed until the twocell-zygote stage; thus, it might be translated in a later development stage, which was not studied in this work.
Franco et al. [46] proved that WNT4 plays a critical role in progesterone signaling during embryo implantation and decidualization. Jordan et al. [47] showed that WNT4 inhibits steroid biosynthesis in mouse testicular Leydig cells. In our study, the results indicated that Wnt4 transcript delivered by sperm is translated in the zygote and then is degraded and that the coded WNT4 protein may function in initial zygotic development. The WNT4/b-catenin signaling pathway has been demonstrated to be a regulator in myogenic proliferation and vascular smooth muscle cell proliferation [48] , suggesting that WNT4 in the zygote may play a similar role in cell division and proliferation. As a fibroblast growth factor signaling-regulating protein, FOXG1 has been reported to be an important regulator in embryo neurogenesis [49] . However, in this study, Foxg1 mRNA was not translated into protein in the one-and two-cell zygotes. Further studies are required to determine whether Foxg1 is translated and during which stage of development this occurs. It must be emphasized that although only two sperm-delivered transcripts were detected in the zygote in this study, there might be more transcripts SPERM-DELIVERED Wnt4 mRNA TRANSLATED IN ZYGOTE delivered by spermatozoa during fertilization. It is possible that some transcripts were missed in our study due to the extremely low amount of sperm-delivered transcripts. The delivery of some transcripts that exist in both oocyte and sperm cannot be detected either because it is hard to determine whether these transcripts are contributed by sperm or by oocyte.
In classical concepts, oocyte provides almost all the necessary cytoplasmic components for early zygotic development, and paternal contribution is thought to be no more than genomic DNA. Recently, the paternal effects on embryonic development have attracted more and more attention, and the contribution of the parent in fertilization may be more than paternal genomic DNA. The entire contents of the sperm are released into the ooplasm on fertilization [50] , followed by degradation of paternal mitochondria and sperm tail structures [51] , whereas some sperm components are required for further development, such as the spermatozoal centriole [52] , various transcription factors, and signaling molecules. However, the function of sperm-borne transcripts in regulating zygotic development has rarely been reported, though 380 RNAs have been proven to be delivered into the oocyte by sperm through comparing the RNA profiles of fertilized oocytes and parthenogenetic oocytes [53] . Sone et al. [54] demonstrated that sperm-specific phospholipase Cf (PLCf) transcript injected into the mouse oocyte could be translated into a functional protein to yield a functional calcium oscillator. Yao et al. [55] found that sperm-borne Dby mRNA was transferred into the oocyte during fertilization and regulated zygotic development. Meanwhile, some noncoding RNAs that appear during the last stage of sperm maturation play a potential role in early zygotic and development [56] . The results of present and previous studies and our results here strongly hint that some of the sperm-delivered transcripts may have paternal effects that are associated with the regulation of zygotic development, which remains to be explored.
Although Wnt4 was delivered and translated in the fertilized oocyte, it was unclear whether WNT4 was involved in zygotic development and in which process. Some efforts have been made to investigate the effect of the loss of WNT4 on early zygotic development. We tried to prepare conditional Wnt4-knockout mice in testis but failed because we could not get suitable Cre-mouse for conditional knockout in testis. Perhaps some work will be carried out on interfering WNT4 and FOXG1 expression, such as shRNA and siRNA, to confirm the function in early zygotic development. On the other hand, some work is now being carried out to seek clinical implications. Human sperm samples from both fertile and infertile donors have been collected for RNA-Seq to analyze the differences of the RNA profiles, and the two transcripts Foxg1 and Wnt4, identified in mouse sperm, have also been detected in human sperm.
In conclusion, the transcripts with RPKM ! 6 in our RNASeq results may exist in each murine sperm. A total of 5826 RNAs, including 4885 mRNAs, are consistently retained in each sperm, whereas the remaining 27 213 RNAs with RPKM , 6 are randomly retained. Most of the spermatozoal transcripts are residual transcripts with no biological function in postspermatogenesis, whereas the transcripts related to reproduction and development, which represent the function of spermatozoal RNA pre-and postfertilization, respectively, were more likely to be retained. Thus, the transcripts in sperm are selectively rather than randomly retained. In particular, the sperm-borne Wnt4 mRNA was found to be delivered and translated in the fertilized oocyte. This result indicates that some sperm-borne transcripts can enter the oocyte and be translated, which is new evidence of paternal effects on zygotic development. However, the function of sperm-delivered transcripts during early zygotic development requires further investigation.
